Abstract-Evidence indicates that the frequency-domain characteristics of surface electromyogram (EMG) signals are modulated according to the contributing sources of neural drive. Modulation of inter-muscular EMG synchrony within the Piper frequency band (30-60 Hz) during movement tasks has been linked to drive from the corticospinal tract. However, it is not known whether EMG synchrony is sufficiently sensitive to detect task-dependent differences in the corticospinal contribution to leg muscle activation during walking. We investigated this question in seventeen healthy older men and women. It was hypothesized that, relative to typical steady state walking, Piper band EMG synchrony of the triceps surae muscle group would be reduced for dualtask walking (because of competition for cortical resources), similar for fast walking (because walking speed is directed by an indirect locomotor pathway rather than by the corticospinal tract), and increased when taking a long step (because voluntary gait pattern modifications are directed by the corticospinal tract). Each of these hypotheses was confirmed. These findings support the use of frequency-domain analysis of EMG in future investigations into the corticospinal contribution to control of healthy and disordered human walking.
INTRODUCTION
The corticospinal tract actively contributes to control of walking in humans, and its importance is evident from the severe debilitating effects of corticospinal tract lesions with stroke or spinal cord injury. 35 Studying the corticospinal contribution to walking will provide important insight for understanding how walking is controlled under different task conditions and for optimizing function in mobility impaired populations.
Gauging the corticospinal contribution to walking is challenging. Imaging techniques such as fNIRS can reveal motor cortex activity, 4, 48 but cannot confirm that increased cortical activity reaches the muscle(s) of interest. Transcranial magnetic stimulation (TMS) of the motor cortex [coupled with peripheral electromyography (EMG)] can provide a more direct indication of corticospinal excitation, 40, 46 but is difficult to perform during walking and requires a perturbing neural stimulus. An alternative approach that avoids some of the drawbacks of imaging and TMS is frequencydomain analysis of surface electrical recordings [e.g., electroencephalography (EEG) and electromyography (EMG)]. The premise is that rhythmic firing from the cortical source of excitation will also yield rhythmic firing of populations of motor units in the periphery. The amount of synchronous activity between the sites may indicate the extent to which cortical activation is driving muscular activation.
Studies using frequency-domain analysis of EEG and EMG in humans have demonstrated that submaximal voluntary isometric contractions are characterized by a dominant EEG-EMG synchrony at about 15-30 Hz. 12, 23, 27, 44 This EEG-EMG synchrony has been observed in a variety of muscles and has been shown to agree with the known somatotopic organization of the motor cortex. 9, 44 This work in humans is in agreement with earlier invasive studies of corticomuscular synchrony conducted in monkeys. 2, 32 During dynamic muscle contractions, the 15-30 Hz EEG-EMG synchrony is diminished. 28, 38 It is replaced by a dominant synchrony in a higher frequency band, 9, 38 generally in the range of 30-60 Hz which is known as the Piper frequency band. 8, 9 In the context of walking, a recent study demonstrated that EEG-EMG synchrony (EMG from tibialis anterior) is present in the 24-40 Hz frequency band, which overlaps with the Piper band. 42 This finding strongly supports a direct corticospinal tract contribution to muscle activity during walking.
The same drive that elicits EEG-EMG synchrony may also lead to synchronous activity among paired EMG recordings, particularly within the same muscle or synergistic muscles. 2, 22, 28, 33 Support for a link between paired EMG synchrony and corticospinal drive during walking has been provided by a number of studies. Among the first were studies showing that EMG-EMG synchrony is diminished with corticospinal tract damage due to stroke or spinal cord injury 3, 24, 36, 37 and that neuro-rehabilitation yields increased synchrony and improved walking function in spinal cord injured individuals. 37 Additional support is provided by a recent study showing that Piper band EMG-EMG synchrony within the tibialis anterior muscle is increased during childhood development (ages 4-15 years) and is associated with ankle control, as indicated by reduced step-to-step variability of toe position during swing. 41 It was proposed that maturation of corticospinal control of walking is responsible for increased Piper band synchrony and improved ankle control.
It is not known whether EMG-EMG synchrony is sufficiently sensitive to differentiate the corticospinal demand of different walking tasks. If so, this approach could be used to understand the neural control strategies used by healthy and impaired individuals to accomplish different walking tasks. In the present study, synchronous activity was assessed for a pair of triceps surae muscles using surface EMG during four walking tasks: typical steady state walking, typical walking while performing a distracting cognitive task (i.e., dualtask walking), fast walking, and typical walking plus an intermittent voluntary long step. These specific tasks were chosen because strong evidence from the literature indicates that the corticospinal drive differs across tasks. Relative to typical steady state walking, it was hypothesized that Piper band synchrony would be: (1) reduced for dual-task walking because of competition for cortical resources, 25, 29 (2) similar to fast walking because walking speed is directed by an indirect locomotor pathway rather than by the corticospinal tract, 20, 30 and (3) increased during step lengthening because voluntary gait pattern modifications are directed by the corticospinal tract.
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MATERIALS AND METHODS
Participants
Healthy, high functioning older adults were recruited using the following exclusion criteria: age <65 years or >85 years; body mass index <19 or >32; preferred 10 m walking speed <1.0 m/s; Berg Balance Scale score <50 (out of 56); Mini-Mental State Examination score <25 (out of 30), use of assistive device for walking; self-reported difficulty performing mobility tasks; experienced a fall within the previous year; pain, stiffness, numbness or range of motion limitations of the back or legs; involuntary weight gain or loss exceeding 10 pounds within the past 6 months; resting blood pressure exceeding 160/95; heart attack or symptomatic cardiovascular disease in the past year; fractured or broken bone in the past year; medical condition affecting movement; or terminal illness. All participants provided written informed consent and all study procedures were approved by the University of Florida Institutional Review Board and by the Malcom Randall VA Medical Center Human Research Protection Program.
Procedures
Participants walked on a split-belt treadmill with force plates embedded beneath each belt (Bertec, Columbus, OH). Reflective markers were attached to anatomical landmarks on the head, trunk, arms, legs and feet using a modified Helen Hayes marker set and recorded using a 12 camera motion capture system (VICON, Colorado, USA). Disposable 1.5 inch surface gel electrodes (Versa-Trode, Vermed, Bellow Falls VT) were placed on the skin over triceps surae muscles soleus (SO) and medial gastrocnemius (MG). Interelectrode distance was approximately 2 cm. These muscles were chosen because of the important role of the triceps surae for support and forward propulsion during walking and because EMG synchrony is most readily detected between synergist muscles. The electrode site for SO was distal to the belly of the MG, medial and anterior to the Achilles tendon. 39 The site for MG was one hand breadth below the popliteal crease on the medial mass of the calf. 39 The distance between these recording sites (generally at least 15 cm) minimizes concern about cross-talk from the same motor units. Each site was shaved and firmly rubbed with a sterile alcohol wipe prior to electrode placement. The electrodes were attached to an EMG pre-amplifier (Motion Lab Systems MA-420, Baton Rouge LA) and data were recorded using a commercially available EMG system (Motion Lab Systems MA300-28, Baton Rouge LA). Ground reaction force and kinematic data were sample at 200 Hz and EMG were sampled at 1000 Hz using a data acquisition system and software (Vicon Nexus, Los Angeles, CA), and saved to disk for offline analysis.
To prevent falls, all participants wore a harness secured to an overhead support. Participants did not hold onto a railing or use any other support devices. The session began with a few minutes of walking on the treadmill at various speeds in order to familiarize the participant with the treadmill. Participants were then tested on the following four treadmill walking tasks: (1) Typical walking was performed at each individual's own preferred steady state speed; (2) Fast walking was performed at each individual's own perceived fastest safe walking speed; (3) Dual-task walking involved typical walking plus simultaneously performing a cognitive working memory task (described below); (4) Long step task involved typical walking, but on approximately every sixth gait cycle the participants were instructed to take a left step of maximum possible length. Data were recorded for 60 s for each task except fast walking, which was recorded for 30 s.
The cognitive task performed for dual-task walking was an auditory 2-back test. The examiner read aloud a list of letters throughout the entire walking trial while the participant simultaneously walked and listened. The list was read at a relatively slow pace such that one letter was read at every other heel strike of the left foot (i.e., one letter per two gait cycles). The participant was instructed to listen for a cue in which the same letter was repeated with only one other letter in between, and respond to the cue by saying ''yes''. For instance, if part of the sequence of letters was ''…R-T-A-P-A-B…'' the participant was expected to respond after hearing the second ''A''. The list contained four cues during the one-minute walking trial.
Data Analysis
Ground reaction force and kinematic data were lowpass filtered (20 and 10 Hz, respectively) with a fourthorder Butterworth filter with zero phase lag. Marker trajectories were fit to an eight-segment musculoskeletal model using Visual3D (C-Motion, Inc., Germantown, MD). The anthropometrics and inertial properties of the model were individualized for each participant and based on the procedures of de Leva. 13 Peak ankle power production during walking was calculated from this model for the left and right legs during their respective stance phases.
EMG signals were detrended then high-pass filtered at 5 Hz with a fourth-order Butterworth filter. EMG synchrony was calculated using a frequency domain analysis involving Morlet wavelet transform:
where g is dimensionless time and x 0 is dimensionless frequency. In this study we used x 0 = 6, as suggested by Grinsted and colleagues. 21 The Morlet wavelet (with x 0 = 6) is appropriate when performing wavelet and cross-wavelet analysis, because it provides a reasonable balance between time and frequency localization. The wavelet transform applies the wavelet function as a band pass filter to the time-series: X is the wavelet transform of signal X(t), and W(s,s) Y* is the complex conjugate of the wavelet transform of signal Y(t).
Upon completing the cross-wavelet analysis, the distribution of cross wavelet power spectra across different frequency bands for each walking task was summarized. For the left long step walking task, the gait cycles containing the long steps were separated from the rest of the walking trial after performing the cross-wavelet analysis. There were generally about 5-7 long step gait cycles per participant, and only data from those gait cycles were used for analysis. Representative data showing cross-wavelet EMG power for one participant are shown in Fig. 1 . The cross-wavelet results were summarized in two ways: (1) over the entirety of each gait cycle and (2) over just the late stance phase of each gait cycle. Stance phase begins with heel strike and ends with ipsilateral toe off, and late stance phase was defined temporally as the second half of that period. The latter approach specifically isolates triceps surae activity within a period when it is highly active and contributing to the critical biomechanical functions of body support and forward propulsion. The objective of summarizing the data in two different ways was to evaluate the importance of controlling for gait cycle biomechanics when calculating EMG synchrony of the triceps surae.
The cross-wavelet spectra were divided into the following six frequency bands: 5-13, 13-30, 30-60, 60-100, 100-200, and 200-300 Hz. Normalized power within each band was then calculated by dividing the power within each band to the total power over the entire 5-300 Hz range. We report normalized power because it considers the relative importance of the commonalities in the variance of the two signals in different frequencies through time. 33 We use the interference EMG signal because we 10, 11, 33, 34 and others 17, 31 have shown that the interference EMG more accurately estimates the common activity of two EMG signals compared with rectified EMG.
Statistics
Within each of the six frequency bands, one-way ANOVA with main effect of Task was used to determine if cross wavelet relative power differed across walking tasks. A Bonferroni correction was used to account for multiple comparisons (a = 0.05/6 bands = 0.008).
Due to having different directional hypotheses for different pairs of walking tasks, post hoc analysis the of 30-60 Hz band was conducted by comparing typical walking to each other walking task using separate twoway repeated-measures ANOVA models (2 tasks 9 2 legs). Of primary interest were task-dependent differ- ences in 30-60 Hz cross wavelet power and whether there were differential responses between the left and right leg (Task 9 Side interaction). The threshold for statistical significance of post hoc tests was set to a = 0.05. Pearson's correlation analysis was used to assess associations between continuous outcome variables. Statistical analysis was performed with JMP statistical software (SAS Institute Inc, Cary, NC).
RESULTS
Seventeen older adults (8 female, 9 male) participated in the study, but one did not perform the long step task and two did not perform the dual-task condition. The average age of participants was 70.1 ± 3.87 years. The cohort was healthy and high functioning, with body mass index of 26.6 ± 2.0, preferred 10 m walking speed of 1.31 ± 0.15, Berg Balance Scale score of 54.8 ± 1.3 and Mini-Mental State Exam score of 29.2 ± 1.52.
Only the 30-60 Hz (Piper) frequency band revealed significant task-dependent modulation (Fig. 2, Relative to typical walking, peak ankle plantarflexion power increased 69 and 73% in the right and left legs, respectively, during fast walking (p < 0.0001). Similarly, peak ankle plantarflexion power increased 66% for the right leg when taking a left long step (p < 0.0001). To assess the extent to which corticospinal drive may have been responsible for altered power production, we examined the association between change in Piper band synchrony and change in power production for these two tasks relative to typical walking. For both tasks, data from left and right legs were pooled when conducting the correlation analysis. There was no association between Piper band synchrony and ankle power in the fast walking condition (p = 0.95). In contrast, there was a significant association between Piper band synchrony and ankle power during the left long step task (p = 0.009, r = 0.42).
To determine the extent to which increased triceps surae activation magnitude might have been responsible for increased 30-60 Hz synchrony, the association between the change in each was calculated for the fast walking task. Fast walking was used for this analysis because it was the only task where we hypothesized considerable change in EMG signal magnitude without corticospinal modulation of Piper band synchrony. The results show no association between triceps surae activation magnitude and Piper band synchrony (p = 0.92), indicating that normalized Piper band cross wavelet power is not a function of total EMG magnitude.
The results reported above were from cross wavelet analysis conducted over the entire gait cycle. Also calculated for typical walking was the normalized cross wavelet power in each frequency band during only the second half of the stance phase, where SO and MG are most strongly active. The association between cross wavelet power calculated with each approach was determined (full gait cycle versus late stance only). The results show a very strong correlation (Fig. 4 , R 2 = 0.99, p < 0.0001), indicating that both approaches yield essentially the same results.
DISCUSSION
The findings of this study support the hypothesis that EMG-EMG synchrony in the Piper frequency band, as quantified by cross-wavelet spectral analysis, reflects differences in the corticospinal demand of different walking tasks. Dual-task walking resulted in reduced Piper band synchrony relative to typical walking (Figs. 2 and 3a) . This finding is consistent with earlier studies that have shown that EMG synchrony is reduced when a secondary attention demanding cognitive task is added to a hand motor task. 25, 29 These findings support the premise that dual-tasking elicits a competition for cortical processing resources between the cognitive and motor tasks, 47 which diminishes the cortical drive directed toward the motor task. The difference in Piper band activity between typical and dual-task walking was small, but this is not surprising since the cognitive task was relatively simple and because control of typical steady state walking requires relatively low voluntary/attentional motor control in healthy adults. 6, 18, 43 We might have found greater dualtask interference had we examined more challenging cognitive and/or motor tasks. Although the Task 9 Side interaction was not significant for typical and dual-task walking, it is interesting to note that Piper band synchrony during dual-tasking was more consistently reduced for the right leg compared to the left leg (see 95% confidence intervals in Fig. 3a) . This suggests heightened dual-task interference in the left hemisphere. Such interference is consistent with the verbal comprehension and working memory demands of the auditory 2-back test, which primarily involve processing in the left frontal and parietal cortical regions. 19 Piper band synchrony did not differ between typical and fast walking (Figs. 2 and 3b) , which was consistent with our hypothesis. Although triceps surae muscle activation magnitude increased almost 50% during fast walking compared to typical walking, our findings suggest that this was not due to corticospinal drive. Indeed, we found no association between the change in triceps surae activation magnitude and the change in 30-60 Hz synchrony. Rather, it has previously been proposed that walking speed is regulated by an indirect locomotor pathway that includes the basal ganglia, brainstem locomotor region, and spinal pattern generating circuitry. 20, 30 This indirect locomotor pathway is likely responsible for increased muscle activation during fast walking, and the present results indicate that it does not elicit modulation of Piper band synchrony.
When taking a longer step during otherwise steady state walking, Piper band synchrony increased con- siderably relative to typical walking (Figs. 2 and 3c) . This is consistent with evidence showing that gait pattern modifications are controlled by integrating a corticospinal command with the ongoing locomotor pattern. 1, 5, 15, 45 It is notable that both Piper band synchrony and ankle power in the left and right legs during the left long step differed in a way that is consistent with task demands. As previously described by Varraine and colleagues, increased plantarflexion force in the stance leg is a major contributor to forward propulsion during a contralateral long step. 50 Furthermore, the change in ankle power and change in Piper band synchrony (relative to typical walking) were significantly positively correlated. This finding suggests that increased synchrony due to increased corticospinal drive is responsible for the heightened ankle power production. This conclusion is strengthened by the fact that there was no association between the change in Piper band synchrony and ankle power for fast walking relative to typical walking. As discussed earlier, this is consistent with the notion that faster walking speed is not directly mediated by corticospinal drive.
An important finding of this study is that EMG synchrony was essentially the same whether EMG were analyzed from the entire gait cycle or from just the late stance phase of the gait cycle (Fig. 4) . We made this comparison to determine the extent to which it was important to control for the phase of the gait cycle. Our findings suggest that data analysis of triceps surae Piper band synchrony can be conducted without controlling for the timing of biomechanical gait events. This result is likely aided by the fact that the SO and MG muscles are generally co-active, and primarily during late stance. That is, there is generally less triceps surae activation occurring in other phases of the gait cycle. Controlling for gait timing may be important if studying muscle pairs whose activation timing is less tightly coupled. This finding will considerably simplify the ability to conduct future studies in which triceps surae activation is evaluated during more complex walking tasks or under more diverse environmental conditions where measuring or controlling for biomechanical gait events could be difficult.
There are a number of methodological considerations related to this study. Although we present encouraging evidence of the ability to gauge corticospinal drive during walking, it must be acknowledged that Piper band synchrony is just a small proportion of total EMG power. Indeed, walking is a complex sensorimotor task requiring integration of neural commands from various sources. Some of those sources might contribute to synchrony in the Piper band and/or other frequency bands. For example, certain subcortical outputs might contribute to synchrony in the 5-13 Hz band while certain brainstem outputs might contribute to synchrony in the 60-100 Hz band. 8, 22 Another consideration is that surface EMG is inherently susceptible to physiological and non-physiological sources of variability and can therefore be challenging to interpret. 14, 16 One potential factor that is often of concern with surface EMG is the effect of cross talk. However we do not believe that cross talk influenced the results of this study. First, we recorded from two different muscles using recording sites that were separated by about 15-20 cm. Given the approximately 2 cm inter-electrode distance used for data collection, the detection volume of each set of electrodes should be an approximately 4 cm spherical region. 26 Accordingly, the electrodes were placed far enough apart to avoid overlapping detection volumes and resultant cross talk. Furthermore, even if crosstalk was present there is no reason to expect that it would preferentially affect activity in the 30-60 Hz over other frequency bands.
In conclusion, EMG synchrony in the Piper frequency band differs across walking tasks in a way that is consistent with the corticospinal demand. This finding will support future studies of Piper band synchrony that will investigate the corticospinal demands of walking in various environments, particularly in the context of understanding compromised mobility function in older adults and individuals with neurological injury.
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